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We extend our general framework for semileptonic decay, originally introduced in N. Penalva
et al. [Phys. Rev. D100, 113007 (2019)], with the addition of new physics (NP) tensor terms.
In this way, all the NP effective Hamiltonians that are considered in lepton flavour universality
violation (LFUV) studies have now been included. Those are left and right vector and scalar NP
hamiltonians and the NP tensor one. Besides, we now also give general expressions that allow
for complex Wilson coefficients. The scheme developed is totally general and it can be applied
to any charged current semileptonic decay, involving any quark flavors or initial and final hadron
states. We show that all the hadronic input, including NP effects, can be parametrized in terms of
16 Lorentz scalar structure functions, constructed out of the NP complex Wilson coefficients and
the genuine hadronic responses, with the latter determined by the matrix elements of the involved
hadron operators. In the second part of this work, we use this formalism to obtain the complete NP
effects in the Λb → Λcτ ν¯τ semileptonic decay, where LFUV, if finally confirmed, is also expected to
be seen. We stress the relevance of the center of mass (CM) d2Γ/(dωd cos θ`) and laboratory (LAB)
d2Γ/(dωdE`) differential decay widths, with ω the product of the hadron four-velocities, θ` the angle
made by the three-momenta of the charged lepton and the final hadron in the W− CM frame and
E` the charged lepton energy in the decaying hadron rest frame. While models with very different
strengths in the NP terms give the same differential dΓ/dω and total decay widths for this decay,
they predict very different numerical results for some of the cos θ` and E` coefficient-functions that
determine the above two distributions. Thus, the combined analysis of the CM d2Γ/(dωd cos θ`)
and LAB d2Γ/(dωdE`) differential decay widths will help clarifying what kind of NP is a better
candidate in order to explain LFUV.
PACS numbers: 13.30.Ce, 12.38.Gc, 13.20.He,14.20.Mr
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2I. INTRODUCTION
Present discrepancies, between experimental data and the Standard Model (SM) results, seen in semileptonic
B−meson decays, point at the possible existence of new physics (NP). Since there is no evidence of similar discrep-
ancies in transitions involving the two first quark and lepton families, it is generally assumed that the possible NP
contributions only affect the third quark and lepton generations, being thus responsible for lepton flavor universality
violation (LFUV). These violations have been seen in the values of the Γ(B → D) and Γ(B → D∗) semileptonic
decays widths when compared to SM predictions (see for instance Ref. [1]). These discrepancies are presented in
form of ratios RD(∗) = Γ(B→D
(∗)τν¯τ )
Γ(B→D(∗)`ν¯`) , with ` = e, µ, for which part of the hadronic uncertainties should cancel. While
very recent preliminary measurements by the Belle Collaboration [2, 3] reduce the tension with the SM to the level
of 0.8σ, a combined analysis of BaBar [4, 5], Belle [6–8] and LHCb [9, 10] data and SM predictions [9, 11–13] by the
Heavy Flavour Averaging Group (HFLAV) [14] shows a tension with the SM at the level of 4.4σ. This tension reduces
to 3.1σ if the latest Belle results are taken into account [15]. From the theoretical point of view, phenomenological
approaches follow an effective field theory model-independent analysis that includes different b→ c`ν` charged current
(CC) effective operators. They are assumed to be generated by physics beyond the SM, that would enter at a much
higher energy scale, and their strengths are given by unknown Wilson coefficients that should be fitted to data. Those
analyses include the pioneering work of Ref. [16] or the more recent one in Ref. [17] from which we shall take the
values for the Wilson coefficients that we are going to use in the numerical part of this work.
The anomaly seen in B decays could be corroborated in other processes governed by the same b → c transition
like the Λb → Λc`ν¯` decays. The LHCb Collaboration [18] has very recently measured the shape of the dΓ(Λb →
Λcµ
−ν¯µ)/dω decay width, and it is expected [19] that the precision in the RΛc = Γ(Λb→Λcτν¯τ )Γ(Λb→Λcµν¯µ) ratio might reach that
obtained for RD and RD∗ . Heavy quark spin symmetry (HQSS) strongly constraints the form factors relevant for this
transition, with no subleading Isgur-Wise (IW) function occurring at order O(ΛQCD/mb,c), and only two subleading
ones entering at next order [20–22]. The RΛc ratio has been accurately predicted within the SM in Ref. [22] with
the use of leading and subleading HQSS IW functions that were simultaneously fitted to LQCD results and LHCb
data. Precise results for the vector and axial form factors were obtained in Ref. [23] using Lattice QCD (LQCD) with
2+1 flavors of dynamical domain-wall fermions. The additional form factors needed to include NP tensor terms have
been obtained within the same LQCD scheme in Ref. [24]. The also needed scalar and pseudoscalar form factors can
be directly related to vector and axial ones (see Eqs. (2.12) and (2.13) of Ref. [24]). With a lot of theoretical effort
involved [17, 21, 24–34] in checking the effects of NP scenarios and with expectations of experimental data in the near
future, this reaction could also play an important role in the study of b→ c LFUV studies.
In this work we introduce a general framework to study any baryon/meson semileptonic decay for unpolarized
hadrons including NP contributions, although we will refer explicitly only to those decays induced by a b → c
transition. We consider a general scheme, based in the co called Standard Model Effective Field Theory (SMEFT)
scheme [35, 36], to analyze any decay driven by a q → q′`ν¯` quark level CC process involving massless left-handed
neutrinos. We allow for CP–violating scalar, pseudo-scalar and tensor NP terms, as well as corrections to the SM
vector and axial contributions. All the hadronic input, including NP effects, can be parametrized in terms of 16
Lorentz scalar structure functions W˜ ′s (SFs), constructed out of NP complex Wilson coefficients (C ′s) and the
genuine hadronic responses (W ′s), which are determined by the matrix elements of the involved hadron operators.
The W SFs1 depend on the masses of the initial and final particles and on the invariant mass (q2) of the outgoing `ν`
pair, and they can be expressed in terms of the form-factors used to parametrize the transition matrix elements.
In the case of the SM they reduce to just five real W˜ SFs and, provided that massless (e or µ) and τ− mode decays
are simultaneously analyzed, all five W˜ SFs can be determined either from the unpolarized d2Γ/(dωd cos θ`) decay
width, where ω is the product of the two hadron four velocities and θ` the angle made by the final hadron and charged
lepton three-momenta in the center of mass of the two final leptons (CM), or from the unpolarized d2Γ/(dωdE`) decay
width, where E` is the charged lepton energy measured in the laboratory system (LAB).
The unpolarized CM d2Γ/(dωd cos θ`) and LAB d
2Γ/(dωdE` decay widths get contributions from both positive and
negative charged lepton helicities, contributions that have also been explicitly evaluated in this work. Assuming NP,
these new observables are sensitive to new combinations of the W˜ SFs, and thus serve to further restrict the relevance
of operators beyond the SM. There are a total of five new independent linear combination of the W˜ SFs needed to
1 Symbolically, W˜ = CW .
3describe the case with a polarized final charged lepton. To determine them, the LAB and CM charged lepton helicity
distributions have to be used simultaneously, since in this case they provide complementary information.
As mentioned, we have considered five NP Wilson coefficients. In general they are complex, although one of them
can always be taken to be real. Therefore, nine free parameters should be determined from data. Even assuming
that the form factors are known, and therefore the genuinely hadronic part (W ) of the W˜ SFs, all NP parameters are
difficult to be determined from a unique type of decay, since the experimental measurement of the required polarized
decay is an extremely difficult task. It is therefore more convenient to analyze data from various types of semileptonic
decays simultaneously (f.e. B¯ → D, B¯ → D∗, Λb → Λc, B¯c → ηc, B¯c → J/Ψ...), considering both the e/µ and τ
modes. The scheme presented in this work constitutes a powerful tool to achieve this objective.
Besides, within the present framework, it is not difficult to consider NP effects induced by light right-handed
neutrinos, without including new SFs, since we give general expressions for all the hadron tensors. The recent
analysis of Ref. [37], using the b → cτ ν¯τ anomalies data in the meson sector, does not rule out NP operators which
can arise due to the presence of right-handed neutrinos in the theory, and therefore points to one natural continuation
of this work.
Moreover, we stress that all expressions are general and they can be applied to any charged current semileptonic
decay, involving any quark flavors or initial and final hadron states. Thus for instance, the scheme presented here can
also be used to search for NP signatures in nuclear beta decays, from which |Vud| is also determined.
This work is an update of the formalism in Ref. [34], where NP tensor terms were not considered and the CP–
conserving limit was adopted, assuming that all NP Wilson coefficients were real. It is organized as follows: In
Sec. II we give all the general formulae, including the expressions for the effective NP hamiltonians and the CM
d2Γ/(dωd cos θ`) and LAB d
2Γ/(dωdE`) differential decay widths both for unpolarized as well as polarized final
charged leptons. Next, in Sec. II B 1, and to illustrate the general procedure, we explain in detail how Lorentz, parity
and time-reversal transformations constraint the number of SFs needed to describe the hadronic tensor originating
from vector and axial current interactions terms. Details for the leptonic tensors and the rest of the hadronic tensors
are compiled, respectively, in Appendixes A and B. In Sec. III we introduce the form factors needed for the Λb → Λcτ ν¯τ
decay and apply to this transition the general formalism derived in Sec. II. We show numerical results using the LQCD
form-factors of Refs. [23, 24] and the best-fit Wilson coefficients obtained in [17]. Conclusions are presented in Sec. IV.
Other relevant information is compiled in Appendixes C (CM and LAB kinematics), D (expressions for the cos θ` and
E` coefficient-functions appearing in the CM and LAB distributions in terms of the W˜ SFs) and E (form factors for
the Λb → Λcτ ν¯τ transition and general expressions of the W˜ SFs for this decay in terms of the form factors).
II. FORMALISM
A. Effective Hamiltonian
In the context of the SMEFT, we consider the effective Hamiltonian [17]
Heff =
4GF |Vcb|2√
2
[(1 + CVL)OVL + CVROVR + CSLOSL + CSROSR + CTOT ] + h.c., (1)
with fermionic operators given by (ψL,R =
1∓γ5
2 ψ)
OVL,R = (c¯γµbL,R)(¯`Lγµν`L), OSL,R = (c¯ bL,R)(¯`Rν`L), OT = (c¯ σµνbL)(¯`Rσµνν`L). (2)
The Wilson coefficients Ci, complex in general, parametrize possible deviations from the SM, i.e. C
SM
i =0, and could
be in general, lepton and flavour dependent, though in Ref. [17] they are assumed to be present only in the third
generation of leptons.
B. Decay rate including NP terms
The semileptonic differential decay rate of a bottomed hadron (Hb) of mass M into a charmed one (Hc) of mass
M ′ and `ν¯`, measured in its rest frame, and after averaging (summing) over the initial (final) hadron polarizations,
4reads2 [38],
d2Γ
dωds13
=
G2F |Vcb|2M ′2
(2pi)3M
∑
|M|2, (3)
where GF = 1.166 × 10−5 GeV−2 is the Fermi coupling constant and M(k, k′, p, q, spins) is the transition matrix
element, with p, k′, k = q − k′ and p′ = p− q, the decaying Hb particle, outgoing charged lepton, neutrino and final
hadron four-momenta, respectively. In addition, ω is the product of the two hadron four velocities ω = (p ·p′)/(MM ′),
which is related to q2 = (k + k′)2 via q2 = M2 +M ′2 − 2MM ′ω, and s13 = (p− k)2. Including NP contributions, we
have
M = JαHJLα + JHJL + JαβH JLαβ , (4)
with the polarized lepton currents given by (u and v dimensionful Dirac spinors)
JL(αβ)(k, k
′;h) =
1√
8
u¯`(k
′)PhΓ(αβ)(1− γ5)vν`(k), Ph =
1 + hγ5/˜s
2
, Γ = 1, Γα = γα, Γαβ = σαβ , (5)
where h = ±1 stands for the two charged lepton helicities, and s˜α = sα/m` = (|~k′|, k′0kˆ′)/m` with kˆ′ = ~k′/|~k′| and
m` the charged lepton mass. The s˜ polarization vector satisfies the constraints s˜
2 = −1, s˜ · k′ = 0.
The dimensionless hadron currents read (c(x) and b(x) are Dirac fields in coordinate space),
J
(αβ)
Hrr′(p, p
′) = 〈Hc; p′, r′|c¯(0)O(αβ)H b(0)|Hb; p, r〉, OH = CS − CP γ5, OαH = γα(CV − CAγ5), OαβH = CTσαβ(1− γ5),
(6)
with CV,A = (1 + CVL ± CVR) and CS,P = (CSL ± CSR). The hadron states are normalized as 〈~p ′, r′|~p, r〉 =
(2pi)3(E/M)δ3(~p− ~p ′)δrr′ , with r, r′ spin indexes.
The lepton tensors needed to obtain |M|2 are readily evaluated and they are collected in Appendix A.
1. Hadron matrix elements
After summing over polarizations, the hadron contributions can be expressed in terms of Lorentz scalar SFs, which
depend on q2, the hadron masses and the NP Wilson coefficients. To limit their number, it is useful to apply relations
deduced from Lorentz, parity (P) and time-reversal (T ) transformations of the hadron currents (Eq. (6)) and states
[39]. Finally, we have ended up with a total of 16 independent SFs.
We illustrate the procedure by discussing in detail here the diagonal JαH [J
ρ
H ]
∗ case. The rest of the hadron tensors
are compiled in Appendix B, where the technically involved tensor-tensor JαβH [J
ρλ
H ]
∗ term is also discussed in detail.
The spin-averaged squared of the OαH operator matrix element gives rise to a (pseudo-)tensor of two indices
Wαρ(p, q, CV , CA) =
∑
r,r′
〈Hc; p′, r′|(CV V α − CAAα)|Hb; p, r〉〈Hc; p′, r′|(CV V ρ − CAAρ)|Hb; p, r〉∗, (7)
with (CV V
α −CAAα) = c¯(0)γα(CV −CAγ5)b(0). The sum is done over initial (averaged) and final hadron helicities,
and the above tensor should be contracted with the lepton one Lαρ(k, k
′;h) (Eq. (A5)) to get the contribution to∑ |M|2. From the above definition, it trivially follows Wαρ = W ρα∗ and therefore splitting Wαρ
Wαρ =
1
2
[Wαρ +W ρα] +
1
2
[Wαρ −W ρα] ≡Wαρ(s) +Wαρ(a) =
1
2
[Wαρ +Wαρ∗] +
1
2
[Wαρ −Wαρ∗] (8)
we show that the symmetric and antisymmetric parts of the tensor are real and purely imaginary, respectively. On
the other hand, using the time-reversal transformation, we have (p˜µ = (p0,−~p ))
Wαρ(p, q, CV , CA) =
∑
r,r′
〈Hc; p′, r′|T †T (CV V α − CAAα)T †T |Hb; p, r〉〈Hc; p′, r′|T †T (CV V ρ − CAAρ)T †T |Hb; p, r〉∗
=
∑
r,r′
〈Hc; p˜′, r′|C∗V Vα − C∗AAα|Hb; p˜, r〉∗〈Hc; p˜′, r′|C∗V Vρ − C∗AAρ|Hb; p˜, r〉
= W ∗αρ(p˜, q˜, C
∗
V , C
∗
A). (9)
2 We emphasize once again that all equations are valid for any q → q′`ν¯` CC decay, although we only give explicit expressions for b→ c
reactions.
5Introducing the self-explanatory decomposition,
Wαρ(p, q, CV , CA) = |CV |2WαρV V (p, q) + |CA|2WαρAA(p, q)− CV C∗AWαρV A(p, q)− CAC∗VWαρAV (p, q), (10)
and using Eq. (9) and the transformation properties under parity, we find
Wαρ∗V V (p, q)
T
= WV V αρ(p˜, q˜)
P
= WαρV V (p, q), W
αρ∗
AA (p, q)
T
= WAAαρ(p˜, q˜)
P
= WαρAA(p, q), (11)
Wαρ∗VA (p, q)
T
= WVAαρ(p˜, q˜)
P
= −WαρVA (p, q), Wαρ∗AV (p, q) T= WAV αρ(p˜, q˜) P= −WαρAV (p, q), (12)
The above results, along with3 Eq (8), allows us to conclude that WαρV V and W
αρ
AA (W
αρ
V A and W
αρ
AV ) are real symmetric
tensors (imaginary antisymmetric pseudotensors proportional to the Levi-Civita symbol), and WαρAV = W
αρ
V A. The
pseudo character of the imaginary tensor is deduced from the behaviour under a parity transformation. Therefore,
the most general expression for Wαρ(p, q, CV , CA) reads
Wαρ(p, q, CV , CA) = |CV |2WαρV V (p, q) + |CA|2WαρAA(p, q)− 2Re(CV C∗A)WαρV A(p, q)
= −gαρW˜1 + p
αpρ
M2
W˜2 + i
αρδηpδqη
W˜3
2M2
+
qαqρ
M2
W˜4 +
pαqρ + pρqα
2M2
W˜5,
W˜1,2,4,5(q
2, CV , CA) = |CV |2WV V1,2,4,5(q2) + |CA|2WAA1,2,4,5(q2) , W˜3(q2, CV , CA) = Re(CV C∗A)WVA3 (q2), (13)
where all W˜i SFs are real, and we have used an obvious notation in which W
V V
1,2,4,5, W
AA
1,2,4,5 and W
VA
3 should be
obtained from the WαρV V , W
αρ
AA and −2WαρV A (pseudo-)tensors. This result was previously obtained in Ref. [34] for real
Wilson coefficients.
2. CM and LAB differential decay widths for an unpolarized final charged lepton
We consider first the case of an unpolarized final charged lepton. From the general structure of the lepton and
hadron tensors considered in this work, which are at most quadratic in k, k′, and in p, respectively, and using the
information on the scalar products compiled in Appendix C, one can write the general expression
2
∑ |M|2
M2
∣∣∣
unpolarized
= A(ω) + B(ω)p · k
M2
+ C(ω) (p · k)
2
M4
, (14)
that is suited to obtain the CM d2Γ/(dωd cos θ`) and LAB d
2Γ/(dωdE`) distributions. As already pointed out, θ`
is the angle made by the three-momenta of the charged lepton and the final hadron in the W− CM system and E`
the charged lepton energy in the decaying hadron rest frame. The A,B and C functions are linear combinations of
the W˜ SFs, introduced in Sec. II B 1 and Appendix B, and they depend on ω as well as on the lepton and hadron
masses. Their expressions in terms of the hadronic W˜ SFs are given in Appendix D. As shown in Subsec. II B 1
and Appendix B, the W˜ SFs depend on the, generally complex, Wilson coefficients and the real SFs (W ′s) that
parameterize the hadron tensors (see an example in Eq. (13)). From Eqs. (3) and (14), taking into account that
dω ds13 = MM
′
(
1− m
2
`
q2
)√
ω2 − 1 dω d cos θ` = 2Mdω dE`, (15)
and using the relations in Appendix C one gets
d2Γ
dωd cos θ`
=
G2F |Vcb|2M ′3M2
16pi3
√
ω2 − 1
(
1− m
2
`
q2
)2
A(ω, θ`), (16)
3 Note that by construction WαρV V,AA = W
ρα∗
V V,AA and W
αρ
AV = W
ρα∗
V A .
6with
A(ω, θ`) =
2
∑ |M|2
M2
(
1− m2`q2
)∣∣∣
unpolarized
= a0(ω) + a1(ω) cos θ` + a2(ω) cos
2 θ`, (17)
a0(ω) =
q2
q2 −m2`
A(ω) + Mω
2M
B(ω) + (q
2 −m2`)M2ω
4q2M2
C(ω),
a1(ω) =
√
ω2 − 1 M
′
M
(B(ω)
2
+
(q2 −m2`)Mω
2q2M
C(ω)
)
,
a2(ω) = (ω
2 − 1)M
′2
M2
q2 −m2`
4q2
C(ω), (18)
and where Mω = M −M ′ω. For the LAB differential decay with we obtain
d2Γ
dωdE`
=
G2F |Vcb|2M ′2M2
8pi3
C(ω,E`), (19)
with
C(ω,E`) =
2
∑ |M|2
M2
∣∣∣
unpolarized
= c0(ω) + c1(ω)
E`
M
+ c2(ω)
E2`
M2
, (20)
c0(ω) = A(ω) + Mω
M
B(ω) + M
2
ω
M2
C(ω), c1(ω) = −B(ω)− 2Mω
M
C(ω), c2(ω) = C(ω). (21)
The variable ω varies from 1 to ωmax = (M
2 +M ′2−m2`)/(2MM ′) and cos θ` between −1 and 1, while E` ∈ [E−` , E+` ],
where
E±` =
(M −M ′ω)(q2 +m2`)±M ′
√
ω2 − 1(q2 −m2`)
2q2
. (22)
The first result of this work is that the inclusion of NP contributions does not induce further terms in the cos θ`
and E` expansions of A(ω, θ`) and C(ω,E`) with respect to a pure SM calculation. This result was already obtained
in Ref. [34] although, there, the effects of the tensor OT NP term and of complex Wilson coefficients were neglected.
From Eqs. (18) and (21), which derive directly from the general expression in Eq. (14), one now clearly understands
that the universal function M
2
M ′ 2
a2(ω)
(1−m2`/q2)c2(ω)
= (ω2 − 1)/4, that we discussed in Ref. [34], has in fact a purely
kinematical origin and it should be obtained in any physics scenario in which the lepton tensors are at most quadratic
in the lepton momenta. We stress here again that, although the effective Hamiltonian in Eq. (1) refers to b → c
transitions, all expressions are general and apply independently of the quark flavors involved in the NP four-fermion
operators.
Focusing on the LAB distribution, we see that c2(ω) determines C(ω), and the latter together with c1(ω) fixes the
function B(ω). Finally, A(ω) is obtained from c0(ω), B(ω) and C(ω). The discussion is totally similar for the CM
angular differential decay width. Indeed, the unpolarized d2Γ/(dωd cos θ`) and d
2Γ/(dωdE`) distributions turn out
to be equivalent in the sense that both of them provide the same information on the Hamiltonian which induces the
semileptonic decay: three different linear combinations of the W˜ SFs. Additional information can be obtained by
considering the dependence on m` of the unpolarized decay distributions and using simultaneously data for the τ and
` = e or µ (massless in good approximation) decay modes. Indeed, up to a total of five linear combinations of SFs can
be determined, since C(ω) does not depend on m`. For instance in the SM, the massless decay fixes W1,2,3, while W4
and W5 can be obtained from the tau mode A(ω) and B(ω) functions, respectively. Thus, for q2 ≥ m2τ , all SFs can be
determined from unpolarized distributions when NP is not present. This implies that for a final τ lepton the SM CM
d2Γ/(dωd cos θτ ) and LAB d
2Γ/(dωdEτ ) polarized distributions can be determined from unpolarized µ, e and τ data
alone. In our previous work in Ref. [34], we wrongly concluded that this was not possible for the latter distribution.
73. CM and LAB differential decay widths for a polarized final charged lepton
For a polarized final charged lepton, in reference systems, like the CM and the LAB ones considered in this work,
for which δηµνk
δqηsµpν = 0, and for the contributions we have, one can generally write
2
∑ |M|2
M2
=
1
2
[
A(ω) + B(ω) (p · k)
M2
+ C(ω) (p · k)
2
M4
]
+h
[
(p · s)
Mm`
(
AH(ω) + CH(ω) (k · p)
M2
)
+
(q · s)
Mm`
(
BH(ω) +DH(ω) (k · p)
M2
+ EH(ω) (k · p)
2
M4
)]
, (23)
where five new independent functions AH,BH, CH,DH and EH are now needed. They can be written in terms of the
W˜ SFs and the corresponding expressions are given in Appendix D. Note that Eq.(23) does not diverge in the m` → 0
limit. Since this 1/m` dependence originates from the Ph projector present in the lepton tensor, the easiest way to
find the m` → 0 leading behaviour is by looking at the general lepton tensor expression in Eq. (A1) and realizing
that the factor Ph(/k
′
+ m`) = (/k
′
+ m`)Ph reduces to
(
/k
′
(1− hγ5) +O(m`)
)
in that limit. This result, together
with Eq. (A1), also tell us that for a massless charged lepton, the h = +1 lepton tensors vanish, as expected from
conservation of chirality, except for those corresponding to the diagonal and interference OSL,R and OT NP operators.
On the other hand, for h = −1, and in the massless limit, only the lepton tensor originating from the diagonal OVL,R
terms are nonzero.
For this polarized case one finds that
Ah(ω, cos θ`) =
2
∑ |M|2
M2
(
1− m2`q2
) = a0(ω, h) + a1(ω, h) cos θ` + a2(ω, h) cos2 θ`, (24)
where now
a0(ω, h) =
1
2
(
a0(ω) + h
{
M
m`
[
Mω
M
AH + M
2
ω
2M2
CH + q
2
M2
(
BH + Mω
2M
DH + M
2
ω
4M2
EH
)]
−m`
M
Mω
2M
[
DH + Mω
M
(
EH + M
2
q2
CH
)]
+
m3`M
2
ω
4M3q2
EH
})
,
a1(ω, h) =
1
2
(
a1(ω) + h
M ′
M
√
ω2 − 1
{
M
m`
[
m2` + q
2
m2` − q2
AH + q
2
2M2
(
DH + Mω
M
EH
)]
−m`
M
[DH
2
+
Mω
M
(
EH + M
2
q2
CH
)]
+
m3`Mω
2M2q2
EH
})
,
a2(ω, h) =
1
2
(
a2(ω) + h
M ′2
M2
(
ω2 − 1){ M
4m`
(
q2
M2
EH − 2CH
)
− m`
2M
(
EH + M
2
q2
CH
)
+
m3`
4Mq2
EH
} )
(25)
For the LAB distribution, the decomposition into h = ±1 contributions is more involved and we find4
Ch(ω,E`) =
2
∑|M|2
M2
=
C(ω,E`)
2
− h
2
M
p`
(
ĉ0 + [c0 + ĉ1]
E`
M
+ [c1 + ĉ2]
E2`
M2
+ [c2 + ĉ3]
E3`
M3
)
, (26)
with C(ω,E`) the corresponding unpolarized function introduced in Eq. (20), p` = (E
2
` −m2`)
1
2 the charged lepton
three-momentum in the LAB system, and
ĉ0(ω) =
2m`
M
(
AH + Mω
M
(BH + CH) + M
2
ω
M2
DH + M
3
ω
M3
EH
)
,
ĉ1(ω) = −c0 − M
m`
q2
M2
(
BH + Mω
M
DH + M
2
ω
M2
EH
)
− m`
M
(
BH + 2CH + 3Mω
M
DH + 5M
2
ω
M2
EH
)
,
ĉ2(ω) = −c1 + M
m`
[
q2
M2
(
DH + 2Mω
M
EH
)
− 2AH − 2Mω
M
CH
]
+
m`
M
(
DH + 4Mω
M
EH
)
,
ĉ3(ω) = −c2 + M
m`
(
2 CH − q
2
M2
EH
)
− m`
M
EH. (27)
4 Note that the definition of the coefficients ĉ0,1 given in Ref. [34] differ from that adopted here by a factor m2`/M
2.
8From the discussion above, we know that the coefficients of the M/m` terms in Eqs. (25) and (27) should vanish at
least as O(m`) in the m` → 0 limit, guaranteeing that the differential decay widths are finite in that limit.
Unlike the unpolarized case, where A,B and C could be determined either from the CM or LAB distributions,
both LAB and CM helicity distributions are now needed simultaneously to obtain all five AH,BH, CH,DH and EH
additional functions. This is so since in this case only four of them can be determined from the E` dependence
of the polarized d2Γ/(dωdE`) distribution, while the use of the cos θ` dependence of the polarized d
2Γ/(dωd cos θ`)
distribution only gives access to three of them.
In this polarized case, even assuming that the NP terms affect only to the third lepton family, the strategy to obtain
polarized information for τ decays from non-polarized data is spoiled by the presence of the OT NP operators. This
is due to the diagonal OαβH O
ρλ∗
H and the O
α
HO
ρλ∗
H interference terms. We can, for example, better understand this by
looking at Eqs. (D3) and (D4), where we give the coefficients a0,1,2(ω, h) directly in terms of the W˜ SFs. There, we
observe that both a0,1,2(h = +1) and a0,1,2(h = −1) have contributions proportional to m`. Therefore the angular
coefficients for h = −1 cannot be measured in the charged lepton massless decays, since such reactions do not provide
information about the W˜T2,3,4 and W˜I4,I6,I7 contributions to a0,1,2(h = −1). This remains true even if NP existed in the
first and second generations. Therefore, the h = +1 and h = −1 parts cannot be disentangled from the measurement
of the unpolarized d2Γ/(dωd cos θ`=e,µ,τ ) distributions alone, although non-polarized d
2Γ/(dωd cos θ`=e,µ) data can be
used.
We would also note that the OSL,R and OT NP operators lead to non-vanishing contributions (W˜SP , W˜T2,3,4 and
W˜I3) for positive helicity in the massless charge lepton limit.
The discussion is similar for the LAB d2Γ/(dωdEτ ) differential decay width.
III. SEMILEPTONIC Λ0b → Λ+c `−ν¯` DECAY
We apply here the general formalism derived in the previous sections to the study of the semileptonic Λb → Λc decay,
paying attention to the NP corrections to the SM results. We update the theoretical framework and the numerical
results presented previously in Ref. [34], where NP tensor terms were not considered and the Wilson coefficients were
taken to be real. We have used the LQCD form-factors derived in Refs. [23, 24] and the best-fit Wilson coefficients
determined in [17]. We anticipate that this new comprehensive analysis confirms most of the findings of Ref. [34],
and shows that the double differential LAB d2Γ/(dωdE`) or CM d
2Γ/(dωd cos θ`) distributions of this decay can be
used to distinguish between different NP fits to b→ cτ ν¯τ anomalies in the meson sector, that otherwise give the same
total and differential dΓ/dω widths.
A. Form Factors and SFs
The relevant hadronic matrix elements can be parameterized in terms of one scalar (FS), one pseudo-scalar (FP ),
three vector (Fi), three axial (Gi) and four tensor (Ti) form-factors, which are real functions of ω and that are greatly
constrained by HQSS near zero recoil (ω = 1) [20–22]
〈Λc; ~p ′; r′|c¯(0) (1− γ5) b(0)|Λb; ~p; r〉 = u¯(r
′)
Λc
(~p ′ ) (FS − γ5FP )u(r)Λb (~p ),
〈Λc; ~p ′; r′|V α −Aα|Λb; ~p; r〉 = u¯(r
′)
Λc
(~p ′ )
{
γα (F1 − γ5G1) + p
α
MΛb
(F2 − γ5G2) + p
′α
MΛc
(F3 − γ5G3)
}
u
(r)
Λb
(~p )
〈Λc; ~p ′; r′|c¯(0)σαβb(0)|Λb; ~p; r〉 = u¯(r
′)
Λc
(~p ′ )
{
i
T1
M2Λb
(
pαp′β − pβp′α)+ i T2
MΛb
(
γαpβ − γβpα)
+i
T3
MΛb
(
γαp′β − γβp′α)+ T4σαβ}u(r)Λb (~p ), (28)
with uΛb,Λc dimensionless Dirac spinors (note that for leptons we use spinors with square root mass dimensions
instead). In the heavy quark limit all the above form factors either vanish or equal the leading-order Isgur-Wise
function [21] ζ(ω), satisfying ζ(1) = 1
F2 = F3 = G2 = G3 = T1 = T2 = T3 = 0, F1(ω) = G1(ω) = FS(ω) = FP (ω) = T4(ω) = ζ(ω) (29)
Moreover, as discussed in [20, 21] no additional unknown functions beyond ζ(ω) are needed to parametrize the
O(ΛQCD/mb,c) corrections. Perturbative corrections to the heavy quark currents can be computed by matching QCD
9onto heavy quark effective theory and introduce no new hadronic parameters. The same also holds for the order
O(αΛQCD/mb,c).
The hadron tensors are readily obtained using
∑
r,r′
〈Λc; p′, r′|c¯(0)Γ(αβ)b(0)|Λb; p, r〉〈Λc; p′, r′|c¯(0)Γ(ρλ)b(0)|Hb; p, r〉∗ = 1
2
Tr
[/p′ +MΛc
2MΛc
F
(αβ)
Γ
/p+MΛb
2MΛb
γ0F
(ρλ)†
Γ γ
0
]
,
(30)
with the Dirac matrices
F
(αβ)
Γ = 1, γ5,
(
γαF1 +
pα
MΛb
F2 +
p′α
MΛc
F3
)
,
(
γαγ5G1 +
pα
MΛb
γ5G2 +
p′α
MΛc
γ5G3
)
,[
i
T1
M2Λb
(
pαp′β − pβp′α)+ i T2
MΛb
(
γαpβ − γβpα)+ i T3
MΛb
(
γαp′β − γβp′α)+ T4σαβ] ,
αβδη
[
T1
pδp
′
η
M2Λb
+ T2γδ
pη
MΛb
+ T3γδ
p′η
MΛb
+
1
2
T4γδγη
]
. (31)
The last of the structures in Eq. (31) accounts for the matrix element of the operator c¯(0)σαβγ5b(0) between the
initial and final hadrons which, thanks to Eq. (B6), is related to that of the tensor operator c¯(0)σαβb(0).
From Eq. (30) one can obtain the W˜ SFs, and hence the LAB d2Γ/(dωdE`) and CM d
2Γ/(dωd cos θ`) distributions,
in terms of the Wilson coefficients and form-factors introduced in Eqs. (1) and (28), respectively. The explicit
expressions are given in Appendix E. As detailed also in this appendix, the form factors used in Eq. (28) are easily
related to those computed in the LQCD simulations of Refs. [23] (vector and axial) and [24] (tensor), which were
given in terms of the Bourrely-Caprini-Lellouch parametrization [40] (see Eq. (79) of [23]). On the other hand, the
scalar (FS) and pseudoscalar (FP ) form factors are directly related (see Eqs. (2.12) and (2.13) of Ref. [24]) to the
f0 vector and g0 axial ones obtained in the LQCD calculation of Ref. [23]. For numerical calculations, we use here
for the vector, axial and tensor form-factors, the 11 and 7 parameters given in Table VIII of Ref. [23] and Table 2
of Ref. [24], respectively. To assess the uncertainties of the observables that depend of the form factors, we have
included the (cross) correlations between all the parameters of the ten (vector, axial vector, and tensor) form factors,
as provided in the supplemental files of Ref. [24].
B. Results: NP effects for Λ0b → Λ+c τ−ν¯τ decay
In this section, we will present numerical results using the Wilson coefficients corresponding to the independent Fits
6 and 7 of Ref. [17], which are real as corresponds to a scheme where the CP symmetry is preserved. Details of four
different fits (4, 5, 6 and 7), that include all the NP terms given in Eq. (1), are provided in the Table 6 of that work. We
do not consider the scenarios determined by Fits 4 and 5 because they describe an unlikely physical situation in which
the SM coefficient is almost canceled and its effect is replaced by NP contributions. The exhaustive analysis carried out
in Ref. [17] is a cutting-edge LFUV study in semileptonic B → D(∗) decays. The data used for the fits include the RD
and RD∗ ratios, the normalized experimental distributions of dΓ(B → Dτν¯τ )/dq2 and dΓ(B → D∗τ ν¯τ )/dq2 measured
by Belle and BaBar as well as the longitudinal polarization fraction FD
∗
L = ΓλD∗=0(B → D∗τ ν¯τ )/Γ(B → D∗τ ν¯τ )
provided by Belle. The χ2 merit function is defined in Eq. (3.1) of Ref. [17], and it is constructed taking into account
the above data inputs and some prior knowledge of the B → D and B → D∗ semileptonic form-factors. In addition,
some upper bounds on the leptonic decay rate Bc → τντ are imposed by allowing only points in the parameter space
that fulfill this bound.
Before discussing the results, we dedicate a few words about how we estimate the uncertainties that affect our
predictions. We use Monte Carlo error propagation to maintain, when possible, statistical correlations between the
different parameters involved in our calculations. The first source of uncertainties is found in the form factors. This
is in fact the theoretical error in the case of the results obtained within the SM. Thus, SM results will be presented
with an error band that we obtain using the covariance matrix provided as supplemental material in Ref. [24] and
that accounts for 68% confident level (CL) intervals. Results including NP contributions are not only affected by
the LQCD form-factors errors but also by the uncertainties in the fitted Wilson coefficients. To evaluate the latter,
for each of Fits 6 and 7, we use different sets of Wilson coefficients provided by the authors of Ref. [17]. They have
been obtained through successive small steps in the multiparameter space, with each step leading to a moderate χ2
enhancement. We use 1σ sets, values of the Wilson coefficients for which ∆χ2 ≤ 1 with respect to its minimum value,
to generate the distribution of each observable, taking into account in this way statistical correlations. From this
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SM Fit 6 [17] Fit 7 [17]
Γ(Λb → Λce(µ)ν¯e(µ))/
(
10× |Vcb|2ps−1
)
2.15± 0.08 − −
Γ(Λb → Λcτ ν¯τ )/
(
10× |Vcb|2ps−1
)
0.715+0.014−0.016 0.872± 0.047 0.892± 0.051
RΛc 0.332± 0.007 0.404± 0.022 0.414± 0.024
TABLE I. Total widths and RΛc values associated to the distributions shown in the left panel of Fig. 1.
derived distributions, we determine the maximum deviation above and below its central value, the latter obtained with
the values of the Wilson coefficients corresponding to the minimum of χ2. These deviations define the, asymmetric in
general, uncertainty associated with the NP Wilson coefficients. The latter uncertainty is then added in quadratures
with the one corresponding to the form factors determination to define an error (asymmetric) band. Thus, results
obtained including NP will always be provided with such an error band. To get an idea of the relative relevance of
both sources of theoretical error, in many cases, the smallest-in-size bands associated only with the uncertainties in the
form factors will also be shown. We start by showing in Fig. 1 results for the dΓ(Λb → Λcτ ν¯τ )/dω differential decay
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FIG. 1. Left panel: dΓ(Λb → Λcτ ν¯τ )/dω differential decay width, as a function of ω and in units of 10|Vcb|2ps−1. We show
SM predictions and full NP results obtained including all terms in Eq. (1) and using the Wilson coefficients from Fits 6 and
7 of Ref. [17]. In the middle and right panels, we show the contributions to the dΓ/dω corresponding to τ leptons with well
defined helicities (h = ±1) in the W−CM and LAB reference systems, respectively. Uncertainty bands are obtained as detailed
in the main text. For the NP results in the CM distributions, we also show the error bands corresponding to the form-factors
uncertainties, which can be seen in lighter colors within the total error bands. In the case of the LAB frame, SM and Fit 6
positive-helicity distributions are practically indistinguishable.
width. As we see in the left panel, Fits 6 and 7 give very similar results for dΓ/dω and they become indistinguishable
once the full uncertainty band is taken into account. Thus, by looking at the dΓ/dω differential decay width (or
the integrated decay width for that matter, as can be seen in Table I) one could not decide which fit, and thus
what NP terms, would be preferable to explain the data. As compared to our partial results of Ref. [34], we find a
quite significant reduction of the error bands of the NP distributions thanks to having considered here the statistical
correlations between the Wilson coefficients.
In Fig. 1, we also show the separate contributions to dΓ/dω corresponding to τ leptons with well defined helicity
(h = ±1) measured either in the CM (middle panel) or the LAB (right panel) reference systems. In the latter case
there is no clear distinction (once the full error band is taken into account) between the predictions corresponding
to Fits 6 and 7. The situation clearly improves for the case of well defined helicities in the CM system where the
predictions from the two fits can be told apart in most of the ω range. However, polarized distributions are very
challenging measurements because of the presence of undetected neutrinos, so next we examine other possibilities.
Fortunately, things improve considerably when one looks at the observables related to the CM d2Γ/(dωd cos θ`) and
LAB unpolarized d2Γ/(dωdE`) double differential distributions. In Figs. 2 and 3 we show, respectively, the results for
the ai=0,1,2 and ci=0,1,2 dimensionless coefficients that determine those distributions (Eqs. (18) and (21)). With the
exception of a0, the rest of these functions allow a clear distinction between NP Fits 6 and 7 that otherwise predict
the same dΓ/dω differential and total decay widths. We also display predictions, in the bottom panel of Fig. 2, for
the commonly used forward-backward asymmetry AFB , which features and ω−behaviour are strongly determined by
a1. If LFUV were experimentally established for the Λb → Λc semileptonic decays, the analysis of these observables
would clearly help in establishing what kind of NP was needed to reproduce experimental data. Another way of
presenting the results in Figs. 2 and 3 is by showing the ratios of the quantities obtained including NP over their SM
values. This is done for a1 and c2 in Fig. 4. We observe that the (c2)NP/(c2)SM ratio, depicted in the left-top panel of
Fig. 4, is almost constant having a very mild ω dependence. However, it clearly distinguishes NP Fit 6 from Fit 7 and
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FIG. 2. Top: CM angular expansion coefficients a0, a1 and a2 for the unpolarized d
2Γ[Λb → Λcτ ν¯τ ]/(dωd cos θ`) differential
decay width (Eqs. (17) and (18)), as a function of ω. Bottom: forward-backward asymmetry, AFB = a1/(2a0 + 2a2/3). We
show SM and full results, the latter evaluated including all NP terms in Eq. (1) and using the Wilson coefficients from Fits 6
and 7 of Ref. [17]. Uncertainty bands are obtained as explained in the main text. For NP results we also show the error bands
corresponding to the form-factors uncertainties, which can be seen in lighter colors within the total error bands.
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FIG. 3. LAB charged lepton energy expansion coefficients c0, c1 and c2 (Eq. (21)) for the unpolarized d
2Γ[Λb → Λcτ ν¯τ ]/(dωdE`)
differential decay width. Details as in Fig. 2.
the two of them from the SM value of 1. We reached the same conclusions in our previous analysis of Ref. [34], but
as it was the case with dΓ/dω, the proper consideration of the Wilson’s coefficient statistical correlations drastically
reduces the errors in the predictions for this ratio5, which sharpens the NP discriminating power of this observable.
Similar results would be obtained for other ratios with the one for a1, seen in the right-top panel of Fig. 4, showing
the stronger ω dependence. As seen in Figs. 2 and 3, a1(ω) is the only function, of those shown in these two figures,
that presents a change of sign for the SM and the two NP scenarios analyzed in this work. This behaviour of a1
explains the singularities in the NP ratios since, for each model, the zeros of a1 occur at different positions within the
physical interval [1, ωmax]. This strong ω−dependence of the (a1)NP/(a1)SM ratio provides an additional NP-testing
tool, which could be used when future accurate measurements are available.
An alternative to this latter ratio that can be obtained just from pure experimental data is the following. Assuming
that NP affects only the third generation of leptons, a1 for ` = e, µ (that can be considered as massless to a high
5 In fact, the reduction of uncertainties in this work compared to those given in [34] is very significant for all functions depicted in Figs. 2
and 3.
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degree of approximation) is a pure SM result, and the ratio (a1)
NP
τ /(a1)
SM
`=e,µ can be measured from the asymmetry
between the number of events observed for θ` ∈ [0, pi/2] and for θ` ∈ [pi/2, pi],
(a1)
NP
τ (ω)
(a1)SM`=e,µ(ω)
=
(
1− m
2
τ
q2
)−2 ∫ 1
0
d cos θ`
[
d2Γ[Λb→Λcτν¯τ ]
dωd cos θ`
(ω, θ`)
]
−
∫
0
−1 d cos θ`
[
d2Γ[Λb→Λcτν¯τ ]
dωd cos θ`
(ω, θ`)
]∫
1
0
d cos θ`
[
d2Γ[Λb→Λce(µ)ν¯e(µ)]
dωd cos θ`
(ω, θ`)
]
−
∫
0
−1 d cos θ`
[
d2Γ[Λb→Λce(µ)ν¯e(µ)]
dωd cos θ`
(ω, θ`)
] (32)
This ratio is shown in the left-bottom panel of Fig. 4. Since (a1)
SM
`=e,µ(ω) does not vanish for ω > 1 (see Fig. 1 of
Ref. [34]), no divergence appears in this case. In the insert to this latter panel we amplify the ω ∈ [1, 1.2] region to
better show the discriminating power of this observable close to zero recoil. To minimize experimental and theoretical
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FIG. 4. Top: (c2)NP/(c2)SM (left) and (a1)NP/(a1)SM (right) ratios for Λb → Λcτ ν¯τ , as a function of ω. Bottom:
(a1)
NP
τ (ω)/(a1)
SM
`=e,µ(ω) and R(AFB) ratios defined in Eqs. (32) and (33), respectively. In the inserts to these latter plots,
we amplify the ω region close to zero recoil. In all cases, we show results for the Fits 6 and 7 of Ref. [17], and details of the
uncertainties are as in Fig. 2.
uncertainties, both the numerator and the denominator of the right hand side of Eq. (32) can be normalized by dΓ/dω
for each decay mode. In this way, the ratio R(AFB), defined as
R(AFB) = (AFB)
NP
τ
(AFB)SM`=e,µ
=
[
a1
2a0+2a2/3
]NP
τ[
a1
2a0+2a2/3
]SM
`=e,µ
(33)
can be measured by subtracting the number of events seen for θ` ∈ [0, pi/2] and for θ` ∈ [pi/2, pi] and dividing by the
total sum of observed events, in each of the Λb → Λcτ ν¯τ and Λb → Λce(µ)ν¯e(µ) reactions. We expect this strategy
should remove a good part of experimental normalization errors. We show the theoretical predictions for R(AFB) in
13
the bottom-right panel of Fig. 4, where we see a significant reduction of uncertainties, and the potential of this ratio
to establish the validity of the NP scenarios associated to Fit 7. To avoid confusion, we must warn the reader that
R(AFB) introduced here is not related with a ratio of hadronic forward-backward asymmetries defined in Eq. (2.46)
of Ref. [29], and which is discussed in Fig.1 of that work. The angles used in [29] are different to those employed in
the present analysis.
To complete the analysis, we display in Figs. 5 and 6 additional predictions for the polarized CM d2Γ/(dωd cos θ`)
and LAB d2Γ/(dωdE`) distributions. As in the previous figures, we separate in all the observables the errors produced
by the uncertainties in the LQCD determination of the form factors, which for the NP results are not negligible at all,
and become even dominant in certain cases. In Fig. 5, we show the CM angular coefficients for positive and negative
helicities, ai=0,1,2(h = ±1), which explicit expressions in terms of the W˜ SFs were compiled in Eq. (25). Even taking
uncertainties into account, Fits 6 and 7 provide distinctive predictions that also differ from the SM results. We see
that (h = +1) and (h = −1) coefficients are comparable in size, and we systematically find∣∣aNP−Fit 70,1,2 (h = −1)∣∣ ≥ ∣∣aNP−Fit 60,1,2 (h = −1)∣∣ ≥ ∣∣aSM0,1,2(h = −1)∣∣ (34)
except for a0(h = −1) in a narrow region, ω = 1− 1.03, where the NP Fit 6 and 7 predictions agree within errors. In
the case of a0(h = +1) and a1(h = +1), roughly, NP Fit 6 values are greater than the Fit 7 ones, with SM results in
the middle. Note that the partial integrated rates, dΓ/dω shown in Fig. 1, are not sensitive to the a1−contributions,
and therefore having access to the detailed angular dependence provides very valuable additional information. We
also see large cancellations in a2 = a2(h = +1) + a2(h = −1), which become total, both at zero recoil and at the
end of the phase space, where the sum a2 vanishes. Actually for ω = ωmax, |a2(h = ±1)| are as big as a0(h = ±1).
In Fig. 6 we show the ĉi=0,1,2,3 coefficients, given in Eq. (27), that appear in the expression for the polarized LAB
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FIG. 5. CM angular coefficients for positive and negative helicities (ai=0,1,2(h = ±1)) for the τ−mode Λb → Λc semileptonic
decay, as a function of ω. Details as in Fig. 2.
d2Γ/(dωdE`) double differential decay width. Taking into account the uncertainty bands, dominated by the errors of
the Wilson coefficients, only ĉ0 and ĉ1 can be used to distinguish between NP Fits 6 and 7, while only Fit 7 predicts
a result in clear disagreement with SM expectations. We see NP Fits 6 and 7 predictions for these two coefficients
have even opposite signs, and the differences are enhanced in the sum (c0 + ĉ1), which is the coefficient of the linear
E` term in Eq. (26).
The other two observables ĉ2 and ĉ3 are of little use for the current analysis, because the results of Fits 6 and 7
overlap and, furthermore, these coefficients are around two orders of magnitude lower than c1 and c2, respectively.
One should note that ĉ2 and ĉ3 are proportional to the tensor-diagonal W˜
T
2,4 and tensor-interference W˜I3,I5,I6 SFs,
and therefore both are zero in the SM. Moreover, for the NP scenarios associated to Fit 6 and 7 of Ref. [17], these
two coefficients of the unpolarized distribution are negligible, since for both fits |CT | is already of the order of 10−2,
and compatible with zero, CT = 0.01
+0.09
−0.07 and −0.02+0.08−0.07, respectively.
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FIG. 6. LAB charged lepton energy expansion coefficients ĉi=0,1,2,3 (Eqs. (26) and (27)) for the polarized d
2Γ[Λb →
Λcτ ν¯τ ]/(dωdE`) differential decay width. We also show the (c0 + ĉ1), (c1 + ĉ2) and (c2 + ĉ3) sums in the third top, sec-
ond and fourth bottom panels, respectively. Details as in Fig. 2.
However, it is important to stress that ĉ2 and ĉ3 are optimal observables to restrict the validity of NP schemes with
high tensor contributions. As a matter of example,
ĉ3(ω)
c2(ω)
=
32W˜T2
W˜2 − 16W˜T2
=
32W˜T2
W˜2
+ · · · = −32x+O(ΛQCD/mb,c), x = 2|CT |
2
|CV |2 + |CA|2 (35)
where we have made used that W˜T2 /W˜2 = −x+O(ΛQCD/mb,c), as deduced from Eq. (29).
On the other hand, the small NP tensor contribution for Fits 6 and 7, together with the heavy quark limit relations
of Eq. (29), explains the flat ω−behavior of the (c2)NP /(c2)SM ratio seen in Fig. 4. If one neglects W˜T2 , the coefficient
c2 is proportional to W˜2. The linear CVR terms, that could induce a non-zero ω dependence in (W˜2)NP /(W˜2)SM ,
cancel to order O(ΛQCD/mb,c).
Finally, in Fig. 7, we present RΛc as a function of RD obtained using NP Fit 6 (left) and 7 (middle) χ2−weighted
samples of Wilson coefficients provided by the authors of Ref. [17]. In Fig. 7, we include sets beyond the 1σ ones.
For illustration purposes, we also show the results of Ref. [17] for the ratio RD∗ , which allows us to highlight the
clear correlation between these three LFUV observables. Note that SM predictions for the RSMD = 0.300 ± 0.05 and
RSMD∗ = 0.251± 0.004 ratios are below the ranges considered, while RSMΛc = 0.332± 0.008. In the right panel of Fig. 7,
we show, for each of the Wilson coefficient sets used in the left and middle panels, the χ2−variations against the
corresponding changes induced in the RΛc ratio6. Both, Fit 6 and Fit 7 χ2 functions grow from their minimum
values, and the ∆χ2 = 1, ∆χ2 = 2.71, ∆χ2 = 6.63, · · · increments can be used to determine the 68% (1σ), 90% (2σ),
99%(3σ), · · · CL intervals of the NP predictions for RD, RD∗ and RΛc .
IV. CONCLUSIONS
We have included the NP tensor term, and all the interference contributions associated with it, in our general
formalism for semileptonic decays initially introduced in Ref. [34]. In this way, all the NP effective Hamiltonians that
6 There exist one-to-one relations between each set of Wilson coefficients (sWC) used in the left (Fit 6) and middle (Fit 7) panels of
Fig. 7 and the chi-square values or the variations ∆RΛc (= RsWCΛc − RminΛc ) shown in the right plot of the figure. At some point for
∆RΛc < −0.02, the local Fit 7 collapses into Fit 6.
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FIG. 7. Left/middle panel: NP Fits 6 and 7 results for RΛc and RD∗ as a function of RD for different χ2−weighted samples
of Wilson coefficients. Black solid and dashed curves, labeled as MPJP, stand for the results of Ref. [17] provided by the
authors of that work [41]. The blue and orange dashed lines (indistinguishable from the MPJP predictions) correspond to the
current numerical evaluation of RΛc for Fits 6 and 7, respectively, with the shaded bands showing the 68% CL uncertainties
inherited from the LQCD determination of the form-factors [23, 24]. Right panel: Chi-square values [17, 41] for each set of
Wilson coefficients (sWC) used in the left and middle panels, and represented in this plot by ∆RΛc = RsWCΛc − RminΛc , with
RminΛc = 0.405 and 0.415 for Fits 6 and 7, respectively.
are considered in LFUV studies with massless left-handed neutrinos have now been taken into account, including the
possibility of violation of CP-symmetry due to the presence of complex Wilson coefficients. The scheme developed is
totally general and it can be applied to any charged current semileptonic decay, involving any quark flavors or initial
and final hadron states.
We have shown that a total of sixteen SFs (W˜ ’s) are needed to fully describe the hadronic tensor. They are
constructed out of the complex Wilson coefficients, that characterize the strength of the different NP terms, and the
form factors needed to describe the genuine hadronic matrix elements. We have also derived general expressions for
unpolarized and charged-lepton polarized CM d2Γ/(dωd cos θ`) and LAB d
2Γ/(dωdE`) differential decay widths in
terms of the W˜−SFs. Unlike the unpolarized case, where all the accessible observables could be determined either
from the CM or LAB distributions, we have pointed out that LAB and CM charged lepton helicity distributions should
be used simultaneously, since in the polarized case, they provide complementary information. We have also shown
that, even assuming that the NP terms affect only to the third lepton family, the strategy to obtain full polarized
information for tau-mode decays from non-polarized e/µ and τ data is spoiled by the presence of NP tensor operators.
As a result of this general discussion, we have concluded that determining all NP parameters, with their complex
phases, from a single type of decay is tough, even assuming that the hadronic form factors are known. This is because
the experimental measurements of the required polarized decays are very challenging due to the presence of undetected
neutrinos. We have argued it is therefore essential to simultaneously analyze data from various types of semileptonic
decays (f.e. B¯ → D, B¯ → D∗, Λb → Λc, B¯c → ηc, B¯c → J/Ψ...), considering both the e/µ and τ modes, and that the
scheme presented in this work is a powerful tool to achieve this goal.
The general formalism developed has then been applied to update the analysis of the Λb → Λcτ ν¯τ decay carried
out in Ref. [34]. We have found small numerical differences for central results, because of the little strength of the
tensor terms in the NP scenarios originally considered in our previous work. However, the proper consideration of
the Wilson’s coefficient statistical correlations has drastically reduced the errors in the new predictions, which have
significantly improved the NP discriminating power of the present study. In addition, we have obtained full results
for both CM and LAB charged lepton polarized distributions.
As in Ref. [34], we have shown the potential of the CM d2Γ/(dωd cos θ`) and LAB d
2Γ/(dωdE`) distributions to
distinguish between models, fitted to b→ cτ ν¯τ anomalies in the meson sector, that differ in the strengths of the NP
terms but that otherwise give the same differential dΓ/dω and integrated decay widths. In particular, the a1 and a2,
and all three c0, c1 and c2 functions, associated with the non-polarized CM d
2Γ/(dωd cos θ`) and LAB d
2Γ/(dωdE`)
distributions, respectively, are very well suited for that purpose, at least for the Λb → Λc semileptonic decay specifically
studied in this work. For this baryon transition, we have also shown the great interest of the ratios (a1)
NP
τ /(a1)
SM
`=e,µ
and R(AFB) (Eqs. (32) and (33), respectively) which can be directly measured from the (θ`, pi−θ`) asymmetry of the
experimental distributions. If LFUV is experimentally established for this decay, the analysis of all these observables
can help in understanding what kind of NP is needed to explain the data. Finally, we have identified two coefficient
functions, in the LAB polarized distribution, which theoretically should be very efficient in restricting the validity
of NP schemes with a sizable tensor contribution, although we are aware of the difficulty of their measurement at
present and in the near future.
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Appendix A: Lepton tensors
From Eq. (5), in the limit of massless neutrinos, we obtain
JL(αβ)(k, k
′;h)[JL(ρλ)(k, k
′;h)]∗ =
1
4
Tr
[
(/k
′
+m`)Γ(αβ)(1− γ5)/k Γ˜(ρλ)Ph
]
, Γ˜(ρλ) = γ
0Γ†(ρλ)γ
0. (A1)
The different Γ(αβ) and Γ(ρλ) operators give rise to the following lepton tensors (we use the convention 0123 = +1
and gµν = (+,−,−,−))
L(k, k′;h) = (k · k′ + h k · s) /2, (A2)
Lα(k, k
′;h) =
m`
2
kα +
h
2m`
(
k′α k · s− sα k · k′ + iαδησk′δkηsσ
)
, (A3)
L′ρλ(k, k
′;h) =
i
2
(
kρk
′
λ − kλk′ρ + iρλδηk′δkη
)
+ i
h
2
(
kρsλ − kλsρ + iρλδηsδkη
)
, (A4)
Lαρ(k, k
′;h) =
1
2
(
k′αkρ + kαk
′
ρ − gαρk · k′ + iαρδηk′δkη
)− h
2
(
sαkρ + kαsρ − gαρk · s+ iαρδηsδkη
)
, (A5)
Lαρλ(k, k
′;h) =
im`
2
(
gαλkρ − gαρkλ + iαρλδkδ
)
− ih
2m`
[
k′α(sρkλ − sλkρ) + kα(sρk′λ − sλk′ρ) + sα(kρk′λ − kλk′ρ)
+(k · k′)(gαρsλ − gαλsρ) + (s · k)(gαλk′ρ − gαρk′λ)
]
− h
2m`
[
(k · k′)αρλδsδ + sλαρδηk′δkη − sραλδηk′δkη + kαρλδηsδk′η + k′αρλδηsδkη
]
, (A6)
Lαβρλ(k, k
′;h) =
1
2
Lαβρλ(k, k
′) +
h
2
Lαβρλ(k, s), (A7)
which correspond to the (Γ(αβ),Γ(ρλ)) = (1, 1), (γα, 1), (1, σρλ), (γα, γρ), (γα, σρλ), and (σαβ , σρλ) combinations, re-
spectively, and in Eq. (A7)
Lαβρλ(k, k
′) = gβρ(kαk′λ + kλk
′
α)− gβλ(kαk′ρ + kρk′α)− gαρ(kβk′λ + kλk′β) + gαλ(kβk′ρ + kρk′β)
+(k · k′)(gαρgβλ − gαλgβρ) + i
(
k′αβλρδk
δ − k′βαλρδkδ + kραβλδk′δ − kλαβρδk′δ
)
. (A8)
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Appendix B: Hadron tensors
We collect here the hadron tensors that should be contracted with the corresponding lepton ones, compiled in the
previous appendix, to obtain
∑|M|2. In Sec. II B 1, we have addressed the diagonal JαH [JρH ]∗ case. In this appendix,
we begin with the diagonal JαβH [J
ρλ
H ]
∗ tensor term, which it is also discussed in detail. The decomposition of the rest
of the hadron tensors as linear combination of independent Lorentz (pseudo-)tensor structures7 is listed after, and it
is obtained similarly to those in the two previous examples. The coefficients multiplying the (pseudo-)tensors are the
W˜ ′s SFs, which depend on q2 and the hadron masses. As mentioned in the Introduction, there appear 16 W˜ ′s SFs,
which are constructed out of NP complex Wilson coefficients and the genuine hadronic responses (W ′s). The latter
ones are determined by the matrix elements of the involved hadron operators, which for each particular decay are
parametrized in terms of form-factors.
• The diagonal contribution of the tensor operator OαβH gives rise to a (pseudo-)tensor of four indices
Wαβρλ(p, q, CT ) = |CT |2
∑
r,r′
〈Hc; p′, r′|c¯(0)σαβ(1−γ5)b(0)|Hb; p, r〉〈Hc; p′, r′|c¯(0)σρλ(1−γ5)b(0)|Hb; p, r〉∗, (B1)
which contracted with the lepton tensor Lαβρλ(k, k
′;h) in Eq. (A7) provides the contribution to the differential
decay rate. Note that by construction Wαβρλ(p, q, CT ) = W
ρλαβ∗(p, q, CT ), and hence, if
Wαβρλ =
1
2
[Wαβρλ +W ρλαβ ] +
1
2
[Wαβρλ −W ρλαβ ]
=
1
2
[Wαβρλ +Wαβρλ∗] +
1
2
[Wαβρλ −Wαβρλ∗] ≡Wαβρλ(s) +Wαβρλ(a) , (B2)
the symmetric and antisymmetric, under the (αβ) ↔ (ρλ) exchange, parts become real and purely imaginary,
respectively. Now introducing the decomposition (T = σ, pT = σγ5)
Wαβρλ(p, q, CT ) = |CT |2
[
WαβρλTT (p, q) +W
αβρλ
pTpT (p, q)−WαβρλTpT (p, q)−WαβρλpTT (p, q)
]
, (B3)
and using parity and time-reversal, as in Eqs. (11) and (12), we conclude that WαβρλTT and W
αβρλ
pTpT (W
αβρλ
TpT and
WαβρλpTT ) are real tensors (imaginary pseudotensors). Indeed, we can identify
Wαβρλ(s) = |CT |2
[
WαβρλTT (p, q) +W
αβρλ
pTpT (p, q)
]
, (B4)
Wαβρλ(a) = −|CT |2
[
WαβρλTpT (p, q) +W
αβρλ
pTT (p, q)
]
, (B5)
and conclude that the tensors/pseudotensors should be (αβ) ↔ (ρλ) symmetric/antisymmetric. In addition,
both of them should be obviously antisymmetric under α↔ β and ρ↔ λ exchanges. There is still a large free-
dom, and a priori 5 (8) different four-index tensor (pseudotensor) structures, meeting all the above requirements,
can be used to construct Wαβρλ(s) (W
αβρλ
(a) ). An important simplification is found recalling that
γ5σ
αβ = − i
2
αβδησδη, (B6)
which can be used to relate Wαβρλ(s) and W
αβρλ
(a) . We find
Wαβρλ = Wαβρλ(s) −
i
2
ρλδηW
αβδη
(s) , (B7)
7 They are constructed out the vectors pµ, qµ, the metric gµν and the Levi-Civita pseudotensor µνδη .
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which implies that the total tensor can be expressed using only the five real SFs that appear in the Lorentz
decomposition8 of Wαβρλ(s) .
Wαβρλ = |CT |2
{
WT1
[
(gαρgβλ − gαλgβρ)− iρλαβ
]
+
WT2
M2
[
(gαρpβpλ − gαλpβpρ − gβρpαpλ + gβλpαpρ)
−i
(
ρλαδpβpδ − ρλβδpαpδ
)]
+
WT3
M2
[
(gαρqβqλ − gαλqβqρ − gβρqαqλ + gβλqαqρ)
−i
(
ρλαδqβqδ − ρλβδqαqδ
)]
+
WT4
M2
[[
gαρ(pβqλ + pλqβ)− gαλ(pβqρ + pρqβ)− gβρ(pαqλ + pλqα)
+gβλ(pαqρ + pρqα)
]
− i
(
ρλαδ(pβqδ + q
βpδ)− ρλβδ(pαqδ + qαpδ)
)]
+
WT5
M4
[
(pαqβ − pβqα)(pρqλ − pλqρ)− i(pαqβ − pβqα)ρλδηpδqη
]}
. (B9)
Requiring now that the pseudotensor part of Wαβρλ should be (αβ) ↔ (ρλ) antisymmetric, we find further
constrains for the WT1,2,3,4,5 since they should satisfy
M2WT1
[
ρλαβ + αβρλ
]
+WT2
[(
ρλαδpβpδ − ρλβδpαpδ
)
+
(
αβρδpλpδ − αβλδpρpδ
)]
+WT3
[(
ρλαδqβqδ − ρλβδqαqδ
)
+
(
αβρδqλqδ − αβλδqρqδ
)]
+WT4
[(
ρλαδ(pβqδ + q
βpδ)− ρλβδ(pαqδ + qαpδ)
)
+
(
αβρδ(pλqδ + q
λpδ)− αβλδ(pρqδ + qρpδ)
)]
+WT5
[
(pαqβ − pβqα)ρλδηpδqη + (pρqλ − pλqρ)αβδηpδqη
]
= 0. (B10)
The above equation can be rewritten as
αβρλ
[
2M2WT1 + p
2WT2 + q
2WT3 + 2(p · q)WT4
]
+ q2pραβδλpδW
T
5 = 0, (B11)
where we have used that
αβρδaδb
λ − αβλδaδbρ + ρλαδaδbβ − ρλβδaδbα = (a · b)αβρλ. (B12)
Taking into account that the two tensors that appear in Eq. (B11) are independent, we deduce
2M2WT1 + p
2WT2 + q
2WT3 + 2(p · q)WT4 = 0, WT5 = 0. (B13)
The first of the above equations can be used to re-write WT1 in terms of W
T
2,3,4. Nevertheless, the contraction of
the tensor that multiplies WT1 in the decomposition of Eq. (B9) with the lepton tensor Lαβρλ(k, k
′;h) defined
in Eq. (A7) vanishes identically. Hence, the contribution of Wαβρλ to
∑|M|2 is given just in terms of three
(WT2 , W
T
3 , W
T
4 ) real SFs.
Finally, we absorb the common factor |CT |2, by redefining W˜T1,2,3,4 = |CT |2WT1,2,3,4.
• The diagonal contribution of the operator OH gives rise to the scalar
W (p, q) = W˜SP (q
2) = |CS |2
∑
r,r′
|〈Hc; p′, r′|c¯(0)b(0)|Hb; p, r〉|2 + |CP |2
∑
r,r′
|〈Hc; p′, r′|c¯(0)γ5b(0)|Hb; p, r〉|2, (B14)
which should be multiplied by the scalar lepton term of Eq. (A2). Note that the CSC
∗
P and CPC
∗
S interference
terms would give rise to purely imaginary pseudoscalars, which necessarily vanish because they cannot be
constructed out of the p and q four-vectors alone.
8 It is to say, they are defined from
Wαβρλ
(s)
|CT |2
= WαβρλTT +W
αβρλ
pTpT = W
T
1
(
gαρgβλ − gαλgβρ
)
+
WT2
M2
(
gαρpβpλ − gαλpβpρ − gβρpαpλ + gβλpαpρ
)
+
WT3
M2
(
gαρqβqλ − gαλqβqρ − gβρqαqλ + gβλqαqρ
)
+
WT5
M4
(
pαqβ − pβqα)(pρqλ − pλqρ
)
+
WT4
M2
(
gαρ(pβqλ + pλqβ)− gαλ(pβqρ + pρqβ)− gβρ(pαqλ + pλqα) + gβλ(pαqρ + pρqα)
)
(B8)
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• The OαH and OH interference contribute to the decay width as 2Re [Wα(p, q, CV,A,S,P )Lα(k, k′;h)], with the
Lα(k, k
′;h) lepton tensor defined in Eq. (A3) and
Wα(p, q, CV,A,S,P ) =
∑
r,r′
〈Hc; p′, r′|(CV V α − CAAα)|Hb; p, r〉〈Hc; p′, r′|c¯(0)(CS − CP γ5)b(0)|Hb; p, r〉∗, (B15)
and its treatment is similar to that discussed for JαH [J
ρ
H ]
∗ in Sec. II B 1, with the equivalence (V V ) ↔ (V S),
(AA)↔ (AP ), (VA)↔ (V P ) and (AV )↔ (AS). Thus, we find
Wα(p, q, CV,A,S,P ) =
1
2M
(
W˜I1p
α + W˜I2q
α
)
, (B16)
W˜I1,I2(q
2, CV,A,S,P ) = CV C
∗
SW
V S
I1,I2(q
2) + CAC
∗
PW
AP
I1,I2(q
2), (B17)
with all four WV S,API1,I2 SFs being real, and where we have used an obvious notation in which W
V S
I1,I2, and W
AP
I1,I2
should be obtained from the V S and AP matrix elements. Note that the odd parity V P and AS terms would
give rise to purely imaginary pseudo-vectors, which necessarily vanish because they cannot be constructed out
of p and q alone. Thus, the total contribution to
∑|M|2 of these pieces is given by
Re
[(
W˜I1
M
pα +
W˜I2
M
qα
)
Lα(k, k
′;h)
]
. (B18)
For real Wilson coefficients, the W˜I1,I2 SFs are real, and taking the real part in Eq. (B18) amounts to remove
the Levi-Civita term of Lα(k, k
′;h), recovering in this way the result of Ref. [34] identifying W˜I1,I2 with WI1,I2
introduced in the latter reference.
• The OH and OρλH interference contribute to the decay width as 2Re
[
W ′ρλ(p, q, CS,P,T )L′ρλ(k, k
′;h)
]
, with the
L′ρλ(k, k
′;h) lepton tensor defined in Eq. (A4) and
W ′ρλ(p, q, CS,P,T ) = C∗T
∑
r,r′
〈Hc; p′, r′|c¯(0)(CS − CP γ5)b(0)|Hb; p, r〉〈Hc; p′, r′|c¯(0)σρλ(1− γ5)b(0)|Hb; p, r〉∗.
(B19)
We use Lorentz, parity and time-reversal transformations, as explained in Eqs. (11) and (12), to deduce that
the ST and PpT (SpT and PT ) tensors are purely imaginary (real) antisymmetric tensors (pseudotensors). In
addition, the SpT and PT pseudotensors can be related to the ST and PpT tensors thanks to Eq. (B6). We
finally find
W ′ρλ(p, q, CS,P,T ) =
W˜I3
2M2
[
ρλδηpδqη + i(p
ρqλ − pλqρ)] ,
W˜I3(q
2, CS,P,T ) = C
∗
T
(
CSW
ST
I3 (q
2) + CPW
PpT
I3 (q
2)
)
, (B20)
and the real WSTI3 and W
PpT
I3 SFs, obviously, deduced from the decompositions
W ′PpTρλ (p, q) =
∑
r,r′
〈Hc; p′, r′|c¯(0)γ5b(0)|Hb; p, r〉〈Hc; p′, r′|c¯(0)σρλγ5b(0)|Hb; p, r〉∗ = W
PpT
I3
2M2
i(pρqλ − pλqρ),
W ′STρλ (p, q) =
∑
r,r′
〈Hc; p′, r′|c¯(0)b(0)|Hb; p, r〉〈Hc; p′, r′|c¯(0)σρλb(0)|Hb; p, r〉∗ = W
ST
I3
2M2
i(pρqλ − pλqρ). (B21)
Its total contribution to
∑|M|2 is given by
Re
{
W˜I3
M2
[
ρλδηpδqη + i(p
ρqλ − pλqρ)]L′ρλ(k, k′;h)
}
(B22)
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• The OαH and OρλH interference contribute to the decay width as 2Re
[
Wαρλ(p, q, CV,A,T )Lαρλ(k, k
′;h)
]
, with the
Lαρλ(k, k
′;h) lepton tensor defined in Eq. (A6) and
Wαρλ(p, q, CV,A,T ) = C
∗
T
∑
r,r′
〈Hc; p′, r′|CV V α − CAAα|Hb; p, r〉〈Hc; p′, r′|c¯(0)σρλ(1− γ5)b(0)|Hb; p, r〉∗. (B23)
The analysis runs in parallel to the previous one for JH [J
ρλ
H ]
∗, identifying V and A here with S and P that
appeared previously. The only difficulty is that now there are four, instead of one, independent Lorentz struc-
tures. We use parity and time-reversal transformations to deduce that the V T and ApT (V pT and AT ) tensors
are purely imaginary (real) tensors (pseudotensors), and obviously antisymmetric under the ρ ↔ λ exchange.
Here again, the V pT and AT pseudotensors can be related to the V T and ApT tensors thanks to Eq. (B6), and
we finally find
Wαρλ(p, q, CV,A,T ) =
pαW˜I4 + q
αW˜I5
2M3
[
ρλδηpδqη + i(p
ρqλ − pλqρ)]
+
pδW˜I6 + qδW˜I7
2M
[
ρλαδ + i(gαρgλδ − gαλgρδ)] , (B24)
W˜I4,I5,I6,I7(q
2, CV,A,T ) = C
∗
T
(
CVW
V T
I4,I5,I6,I7(q
2) + CAW
ApT
I4,I5,I6,I7(q
2)
)
, (B25)
and the real WV TI4,I5,I6,I7 SFs are deduced from
WV Tαρλ(p, q) =
∑
r,r′
〈Hc; p′, r′|Vα|Hb; p, r〉〈Hc; p′, r′|c¯(0)σρλb(0)|Hb; p, r〉∗
=
pαW
V T
I4 + qαW
V T
I5
2M3
i(pρqλ − pλqρ) + p
δWV TI6 + q
δWV TI7
2M
i(gαρgλδ − gαλgρδ), (B26)
while WApTI4,I5,I6,I7 are obtained from a similar decomposition replacing V
α by Aα and [c¯(0)σρλb(0)] by
[c¯(0)σρλγ5b(0)]. The total contribution to
∑|M|2 of is given by
Re
{[pαW˜I4 + qαW˜I5
M3
[
ρλδηpδqη + i(p
ρqλ − pλqρ)]
+
pδW˜I6 + qδW˜I7
M
[
ρλαδ + i(gαρgλδ − gαλgρδ)] ]Lαρλ(k, k′;h)}. (B27)
Appendix C: CM and LAB kinematics
To compute the contractions of the lepton and hadron tensors, we use
p2 = M2, k2 = 0, k′2 = m2` , p · q = MMω, s2 = −m2` , k′ · s = 0, k · k′ = q · k =
q2 −m2`
2
, q · k′ = q
2 +m2`
2
, (C1)
with Mω = M −M ′ω. In addition, the scalar products that depend explicitly on the charged lepton variables used in
the differential decay widths read
• CM
p · k = M
2
(
1− m
2
`
q2
)(
Mω +M
′√ω2 − 1 cos θ`) , k · s = q2 −m2`
2
, p · s = MMω − p · k q
2 +m2`
q2 −m2`
. (C2)
• LAB
p · k = M(Mω − E`), k · s = E`(q
2 +m2`)− 2m2`Mω
2(E2` −m2`)
1
2
, p · s = M(E2` −m2`)
1
2 . (C3)
Note that both in the CM and LAB frames, δηµνk
δqηsµpν = 0, which trivially follows from sµ = k
′0
|~k′ |k
′µ − m2`|~k′ |nµ
with nµ = (1,~0 ), q = k + k′ and the fact that pµLAB and q
µ
CM are proportional to n
µ.
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Appendix D: Coefficients of the CM A(ω, θ`) and LAB C(ω,E`) distributions in terms of the W˜ SFs
In this appendix we collect the expressions of the A,B and C functions as well as the AH ,BH , CH ,DH and EH
functions that together determine the expansion coefficients of the CM Ah(ω, θ`) and LAB Ch(ω,E`) distributions
(Eqs. (25)-(27)). They are combinations of the hadronic W˜ SFs and are given by
A(ω) = q
2 −m2`
M2
{
2W˜1 − W˜2 + Mω
M
W˜3 + W˜SP +
4Mω
M
Re[W˜I3] + 8
(
W˜T2 −
q2
M2
W˜T3 −
2Mω
M
W˜T4
)
+
m`
M
Re
[
W˜I2 + 4 W˜I4 +
4Mω
M
W˜I5 + 12 W˜I7
]
+
m2`
M2
(
W˜4 − 16W˜T3
)}
,
B(ω) = − 2q
2
M2
(
W˜3 + 4Re[W˜I3]
)
+
4Mω
M
(
W˜2 − 16 W˜T2
)
+
2m`
M
Re
[
W˜I1 − 4Mω
M
W˜I4 − 4q
2
M2
W˜I5 + 12 W˜I6
]
+
2m2`
M2
(
W˜5 − 32 W˜T4
)
,
C(ω) = −4
(
W˜2 − 16 W˜T2
)
, (D1)
AH(ω) = −q
2 −m2`
2M2
{
Re
[
W˜I1 +
4Mω
M
W˜I4 − 4 W˜I6
]
+
m`
M
(
W˜3 + W˜5 − 4 Re[W˜I3] + 32 W˜T4
)
− 4m
2
`
M2
Re[W˜I5]
}
,
BH(ω) = Mω
M
Re
[
W˜I1 +
4Mω
M
W˜I4 − 4 W˜I6
]
− m`
M
(
2 W˜1 − W˜2 − Mω
M
W˜5 − W˜SP − 8 W˜T2 +
8q2
M2
W˜T3 −
16Mω
M
W˜T4
)
+
m2`
M2
Re
[
W˜I2 − 4 W˜I4 − 4 W˜I7
]
+
m3`
M3
(
W˜4 + 16 W˜
T
3
)
,
CH(ω) = 4q
2
M2
Re[W˜I4]− 2m`
M
(
W˜2 + 16W˜
T
2
)
+
4m2`
M2
Re[W˜I4],
DH(ω) = −Re
[
W˜I1 +
12Mω
M
W˜I4 − 4 W˜I6
]
+
m`
M
(
W˜3 − W˜5 − 32W˜T4 − 4Re[W˜I3]
)
− 4m
2
`
M2
Re[W˜I5],
EH(ω) = 8 Re[W˜I4]. (D2)
Using the above relations and Eqs. (25) and (27) one can obtain explicit expressions in terms of the W˜ SFs for the
a1,2,3(ω, h) and ĉ0,1,2,3 expansion coefficients. They are given by
a0(h = +1) =
8q2
M2
(
W˜SP
8
+ W˜T2 −
q2
M2
W˜T3 −
2Mω
M
W˜T4
)
− 16M
2
ω
M2
WT2
+
m`
M
Re
[
Mω
M
W˜I1 +
q2
M2
W˜I2 +
4Mω
M
W˜I6 +
4q2
M2
W˜I7
]
+
m2`
M2
(
M2ω
q2
W˜2 +
q2
M2
W˜4 +
Mω
M
W˜5
)
,
a1(h = +1) =
√
ω2 − 1 M
′
M
{
− 4 q
2
M2
Re[W˜I3] +
4m`
M
Re
[
W˜I1
4
− Mω
M
W˜I4 − q
2
M2
W˜I5 + W˜I6
]
+
m2`
M2
(
2MMω
q2
W˜2 + W˜5
)}
,
a2(h = +1) = (ω
2 − 1)M
′2
M2
(
16W˜T2 − 4
m`
M
Re[W˜I4] +
m2`
q2
W˜2
)
, (D3)
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a0(h = −1) = 2q
2
M2
W˜1 − q
2 −M2ω
M2
W˜2 +
4m`
M
Re
[
q2 −M2ω
M2
W˜I4 +
2Mω
M
W˜I6 +
2q2
M2
W˜I7
]
−16m
2
`
M2
(
M2ω
q2
W˜T2 +
q2
M2
W˜T3 +
2MMω
M2
W˜T4
)
,
a1(h = −1) = −
√
ω2 − 1 M
′
M
{
q2
M2
W˜3 − 8m`
M
Re[W˜I6] +
32m2`
M2
(
MMω
q2
W˜T2 + W˜
T
4
)}
,
a2(h = −1) = −(ω2 − 1)M
′2
M2
(
W˜2 − 4m`
M
Re[W˜I4] +
16m2`
q2
W˜T2
)
, (D4)
ĉ0(ω) =
4q2
M2
m`
M
Re
[
−W˜I1
4
+
Mω
M
W˜I4 + W˜I6
]
−m
2
`
M2
{
q2
M2
(
W˜3 + W˜5 − 4Re[W˜I3] + 16Mω
M
W˜T3 + 32 W˜
T
4
)
+
2Mω
M
(
2W˜1 + W˜2 − W˜SP + 24W˜T2
)
−8M
2
ω
M2
(
W˜3
4
− Re[W˜I3]− 4W˜T4
)}
+
2m3`
M3
Re
[
W˜I1
2
+
Mω
M
(
W˜I2 + 2W˜I4 − 4W˜I7
)
+
2q2 − 4M2ω
M2
W˜I5 − 2 W˜I6
]
+
m4`
M4
(
W˜3 +
2Mω
M
(
W˜4 + 16W˜
T
3
)
+ W˜5 − 4Re[W˜I3] + 32 W˜T4
)
− 4m
5
`
M5
Re[W˜I5],
ĉ1(ω) =
8q2
M2
(
−W˜SP
4
+
Mω
M
(
Re[W˜I3] + 4W˜
T
4
)
− 2W˜T2 +
2q2
M2
W˜T3
)
−8m`
M
Re
[
q2
M2
(
W˜I2
4
+ W˜I4 − Mω
M
W˜I5 + W˜I7
)
+
4Mω
M
W˜I6
]
+
m2`
M2
{
4 W˜1 + 2 W˜2 + 64 W˜
T
2 −
16Mω
M
(
W˜3
8
− 8W˜T4 − Re[W˜I3]
)
− 2q
2
M2
W˜4
}
+
16m3`
M3
Re
[
Mω
M
W˜I5 + W˜I7
]
− 32m
4
`
M4
W˜T3 ,
ĉ2(ω) = −128
(
q2
8M2
Re[W˜I3]− Mω
M
W˜T2
)
− 16m`
M
Re
[
q2
M2
W˜I5 − 2W˜I6
]
− 128m
2
`
M2
W˜T4 ,
ĉ3(ω) = −128 W˜T2 . (D5)
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Appendix E: Hadron tensor SFs and form-factors for the Λ0b → Λ+c `−ν¯` decay
The form factors used in Eq. (28) are related to those computed in Refs. [23] and [24] by
F1 = f⊥, G1 = g⊥, FS =
δMΛ
mb −mc f0, FP =
∆MΛ
mb +mc
g0, T4 = h˜+,
F2 =
MΛbδMΛ
q2
f0 +
MΛb∆MΛ
s+
[1− δ] f+ − δs+f⊥,
F3 = −MΛcδMΛ
q2
f0 +
MΛc∆MΛ
s+
[1 + δ] f+ − δs+f⊥,
G2 = −MΛb∆MΛ
q2
g0 − MΛbδMΛ
s−
[1− δ] g+ − δs−g⊥,
G3 =
MΛc∆MΛ
q2
g0 − MΛcδMΛ
s−
[1 + δ] g+ + δs−g⊥,
T1 = −2M2
[h+
s+
− ∆
2
MΛ
q2s+
h⊥ − h˜+
s−
+
δ2MΛ
q2 s−
h˜⊥
]
,
T2 = M
[∆MΛ
q2
h⊥ +
2MΛc
s−
h˜+ +
δMΛ(1− δ)
s−
h˜⊥
]
,
T3 = M
[
− ∆MΛ
q2
h⊥ − 2MΛb
s−
h˜+ +
δMΛ(1 + δ)
s−
h˜⊥
]
,
(E1)
with δ = (M2Λb−M2Λc)/q2, s± = (MΛb±MΛc)2−q2, δMΛ = MΛb−MΛc , ∆MΛ = MΛb +MΛc and δs± = 2MΛbMΛc/s±.
Note that FS and FP have not been computed in LQCD, and both form-factors are obtained from the vector f0 and
axial g0 form factors using the equations of motion. In the numerical calculations, we use mb = 4.18± 0.04 GeV and
mc = 1.27± 0.03 GeV as in Ref. [24]. For completeness, these two latter form factors are related to those introduced
in Eq. (28) by
f0 = F1 +
F2 (MΛb − ωMΛc) + F3 (ωMΛb −MΛc)
MΛb −MΛc
g0 = G1 − G2 (MΛb − ωMΛc) +G3 (ωMΛb −MΛc)
MΛb +MΛc
(E2)
and in the heavy quark limit f0 = g0 = ζ +O (αs,ΛQCD/mc,b).
On the other hand, from Eqs. (30) and the results of Appendix B, we find for the W˜ SFs related to the SM currents
W˜1 =
1
2
[
(ω − 1)|CV |2F 21 + (ω + 1)|CA|2G21
]
,
W˜2 =
|CV |2
2
{
2F1F2 + (ω + 1)F
2
2 +
2MΛb
MΛc
[
(F1 + F2)(F1 + F3) + ωF2F3
]
+
M2Λb
M2Λc
[
2F1F3 + (ω + 1)F
2
3
]}
+
|CA|2
2
{
2G1G2 + (ω − 1)G22 +
2MΛb
MΛc
[
ωG2G3 + (G1 −G2)(G1 +G3)
]
+
M2Λb
M2Λc
[
(ω − 1)G23 − 2G1G3
]}
,
W˜3 =
2MΛb
MΛc
Re[CV C
∗
A]F1G1,
W˜4 =
M2Λb
2M2Λc
[
|CV |2
(
2F1F3 + (ω + 1)F
2
3
)− |CA|2 (2G1G3 + (1− ω)G23) ],
W˜5 = −MΛb
MΛc
|CV |2
[
(F1 + F2)(F1 + F3) + ωF2F3 +
MΛb
MΛc
[
2F1F3 + (ω + 1)F
2
3
]]
−MΛb
MΛc
|CA|2
[
(G1 −G2)(G1 +G3) + ωG2G3 − MΛb
MΛc
[
2G1G3 + (1− ω)G23
]]
(E3)
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The rest of NP W˜ SFs for this baryon decay are
W˜SP =
1
2
[
(ω + 1)|CS |2F 2S + (ω − 1)|CP |2F 2P
]
,
W˜I1 = CV C
∗
S
[
FSF1
(
1 +
MΛb
MΛc
)
+ (1 + ω)FS
(
F2 +
MΛb
MΛc
F3
)]
+CAC
∗
P
[
FPG1
(
1− MΛb
MΛc
)
− (1− ω)FP
(
G2 +
MΛb
MΛc
G3
)]
,
W˜I2 =
MΛb
MΛc
{
CAC
∗
P FP
[
G1 + (1− ω)G3
]
− CV C∗S FS
[
F1 + (1 + ω)F3
]}
, (E4)
which were already obtained in Ref. [34], but for real Wilson coefficients, and
W˜I3 = C
∗
TCS FS
[
T1 (1 + ω) + T3 − MΛb
MΛc
(T2 + T4)
]
− C∗TCP
MΛb
MΛc
FPT4,
W˜I4 = C
∗
TCV
[
F1T1
(
1 +
MΛb
MΛc
)
+
MΛb
MΛc
F1 (T3 − T2)−
(
F2 + F3
MΛb
MΛc
)(
MΛb
MΛc
(T2 + T4)− T1(1 + ω)− T3
)]
−C∗TCA
MΛb
MΛc
[
G1 (T2 + T3) + T4
(
G2 +
MΛb
MΛc
G3
)]
,
W˜I5 = −C∗TCV
MΛb
MΛc
[
F1 (T1 + T3) + F3
(
T1 (1 + ω) + T3 − MΛb
MΛc
(T2 + T4)
)]
+ C∗TCA
MΛb
MΛc
(
G1T3 +
MΛb
MΛc
G3T4
)
,
W˜I6 = −C∗TCV F1
[
(1− ω) (T2 + T3) +
(
1− MΛb
MΛc
)
T4
]
− C∗TCAG1
[
MΛb
MΛc
(T2 + T4) + T4 + ω (T3 − T2)− MΛc
MΛb
T3
]
,
W˜I7 = C
∗
TCV F1
[
T3 (1− ω)− MΛb
MΛc
T4
]
+ C∗TCAG1
[
MΛb
MΛc
(T2 + T4) + ωT3
]
,
W˜T2 =
|CT |2
2
{
M2Λc
M2Λb
[
(1 + ω)T 21 + 2T1T3
]− 2MΛc
MΛb
[
ω(ω + 1)T 21 + T1 (T2 + 2ωT3 + T4) + T2T3
]
+(1 + ω)T 21 − 2ω
(
T 22 + T
2
3
)
+ 2T1 (2ω(T2 + T4) + T3) + 2 (T2 + T3)(T2 + T3 + 2T4) ,
−2MΛb
MΛc
[T1(T2 + T4) + T2(T3 + 2T4) + 2T4(T3 + T4)]
}
W˜T3 =
|CT |2
2
{
(1 + ω)T 21 + 2T1T3 + 2(1− ω)T 23 −
2MΛb
MΛc
[T1(T2 + T4) + T3(T2 + 2T4)]
}
,
W˜T4 =
|CT |2
2
{
MΛc
MΛb
[
ω(1 + ω)T 21 + 2ωT1T3
]− T 21 (1 + ω)− 2ω(T2 + T4)T1 − 2T3 [T1 + T2 + (1− ω)T3 + T4]
+
2MΛb
MΛc
[
T4 (T1 + T2 + 2T3) + T2(T1 + T3) + T
2
4
]}
. (E5)
In addition, as discussed in Appendix B, W˜T5 = 0 and, if necessary, W˜
T
1 can be obtained from W˜
T
2,3,4 using Eq. (B13).
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